Perinatal exposure to excess iodine can lead to transient hypothyroidism in the newborn. In Japan, large quantities of iodine-rich seaweed such as kombu (Laminaria japonica) are consumed. However, effects of iodine from food consumed during the perinatal period are unknown. The concentration of iodine in serum, urine, and breast milk in addition to thyrotropin (TSH), free thyroxine (FT 4 ), and thyroglobulin was measured in 34 infants who were positive at congenital hypothyroidism screening. Based on the concentration of iodine in the urine, 15 infants were diagnosed with hyperthyrotropinemia caused by the excess ingestion of iodine by their mothers during their pregnancy. According to serum iodine concentrations, these infants were classified into group A (over 17 g/dL) and group B (under 17 g/dL) of serum iodine. During their pregnancies these mothers consumed kombu, other seaweeds, and instant kombu soups containing a high level of iodine. It was calculated that the mothers of group A infants ingested approximately 2300-3200 g of iodine, and the mothers of group B infants approximately 820-1400 g of iodine per day during their pregnancies. Twelve of 15 infants have required levo-thyroxine (LT 4 ) because hypothyroxinemia or persistent hyperthyrotropinemia was present. In addition, consumption of iodine by the postnatal child and susceptibility to the inhibitory effect of iodine may contribute in part to the persistent hyperthyrotropinemia. We propose that hyperthyrotropinemia related to excessive iodine ingestion by the mother during pregnancy in some cases may not be transient.
Introduction

N
EONATAL SCREENING PROGRAMS for congenital hypothyroidism resulted in the early detection and effective therapy for children with congenital hypothyroidism (1) . In addition, screening revealed transient disorders of thyroid function, such as transient congenital hypothyroidism with elevated thyrotropin (TSH) and decreased thyroxine (T 4 ) levels and transient hyperthyrotropinemia with elevated TSH without a decrease in T 4 (2) . Before the start of neonatal screening for hypothyroidism, most of these disorders remained unidentified because of the unknown clinical course. Recently, borderline congenital hypothyroidism (3) or subclinical hypothyroidism (4) has been proposed. Perinatal exposure to excessive iodine may cause transient hypothyroidism or hyperthyrotropinemia in the newborn (2) . Direct iodine overload in the newborn is caused by either disinfection agents or contrast medium studies done during the perinatal period (5, 6) . The fetus and newborn can be exposed to high maternal iodine concentrations either by crossing the placenta perinatally or postnatally by secretion of iodine into breast milk (7, 8) . Because of antithyroid effects of an iodine excess, the so-called Wolff-Chaikoff effect, which blocks the uptake of iodine by the thyroid gland, leads to reduced T 4 and increased TSH. Rare cases of transient congenital hypothyroidism and hyperthyrotropinemia are the transplacental passage of antithyroid antibodies or antithyroid drugs (9) (10) (11) .
Japan is considered to be an iodine-sufficient area because of the ingestion of large quantities of iodine-rich seaweed (12) such as kombu (tangle weed, Laminaria japonica), hijiki (Hizikia fusiformis), and wakame (Undaria pinnatifida). Kombu contains a high level of iodine (1.3 mg per gram of kombu) (13) . However, the effect of iodine contained in foods has not been thoroughly examined, and the iodine content of many kombu products are unknown. The present study was done to measure the concentrations of iodine in the daily Japanese diet consumed by the people of Japan and we investigated the clinical course of newborn infants of mothers who ingested large quantities of iodine during pregnancy.
Subjects and Methods
Screening for congenital hypothyroidism
In Japan, mass screening for congenital hypothyroidism is nationwide (14) . Blood samples are collected within the first 4-7 postnatal days and TSH values are measured using blood filter papers. The value of blood filter paper TSH is shown to be a whole blood indication (in the case of serum indication, a value of whole blood indication should be multiplied by 1.6). Among the primary collected samples, in cases where the value of TSH is in excess of 30 U/mL (in the case of serum indication, 48: hereafter omitted), a request for a thorough confirmation test should immediately be made at a medical institution. In cases where the value is in excess of 10 U/mL, a request for a second blood sample should be made to the institution responsible for the blood collection (obstetric and so forth). In cases where the TSH value of the second sample exceeds 10 U/mL, a request for a thorough confirmation test should be made.
Patients
From April 2000 to March 2002, 37,724 Japanese infants were screened for congenital hypothyroidism in Kumamoto Prefecture and 34 (1:1109) underwent confirmation tests. In addition to serum TSH, free thyroxine (FT 4 ), and thyroglobulin, the concentrations of iodine in serum, urine, and breast milk were measured. The function of the mothers' thyroids as assessed by serum TSH, FT 4 , thyroid peroxidase autoantibodies (TPOAb), and thyroglobulin autoantibodies (TgAb) were normal. Concentrations of iodine in serum, urine, and breast milk in normal controls were obtained from 22 agematched infants. Their mothers also did not have thyroid disease and consumed less than 500 g of iodine per day during pregnancy. Kombu intake was restricted for 4 days before sampling. We also measured concentrations of iodine in serum, urine, and breast milk under the same restriction of kombu intake for 5 infants who were negative at congenital hypothyroidism screening and whose mother ingested excessive iodine of 1500-2500 g per day during pregnancy. In all cases and controls, informed consent to enter the study was obtained from the parents. Over 20 g/dL (normal controls ϩ2SD; normal controls 12.2 Ϯ 3.5 g/dL) of urinary iodine in infants was identified as an excess iodine intake by the mothers during pregnancy. This value agrees with that of Calaciura et al. (4) .
Methods
For the present study, food items were purchased at supermarkets. To measure iodine content, food items were dissolved in a fixed quantity of distilled water, then centrifuged and the concentrations of iodine in the supernatant fluid were measured using inductively-coupled plasma-mass spectrometry (ICP-MS). We classified the foods into eight groups according to the kinds of soups, with or without kombu. The amount of iodine that the mothers consumed during pregnancy was calculated (Table 1 and see Yamaguchi [13] ). Intake of iodine from other foods was negligible.
TSH and FT 4 were measured using electrochemiluminescence detection for development of immunoassay, using Modular Analytics (Roche Diagnostics, Mannheim, Germany). Sensitivity of the TSH assay was 0.002 IU/mL; intra-assay and interassay variations were 0.33-0.62 and 1.09-1.52%, respectively. Normal values for TSH at 15 days, 30 days, 100 days, 1 year, and 2 years were 2.9 Ϯ 0.9, 2.7 Ϯ 0.9, 2.3 Ϯ 0.8, 1.6 Ϯ 0.6 and 1.3 Ϯ 0.4 IU/mL. Sensitivity of the FT 4 assay was 0.13 pmol/L; intra-assay and interassay variations were 0.90-1.64 and 2.24-2.99%, respectively. Normal values for FT 4 at 15 days, 30 days, 100 days, 1 year, and 2 years were 20.6 Ϯ 2.6, 19.4 Ϯ 2.4, 18.7 Ϯ 2.3, 18.0 Ϯ 2.3 and 16.7 Ϯ 2.1 pmol/L. Over 27 IU/mL (normal controls Ϯ 2SD) of TSH values was identified as an excess reaction to the thyrotropin-releasing hormone (TRH) test. Peak TSH in normal controls ages 2-8 years was 18.0 Ϯ 4.4 IU/mL (n ϭ 14). Thyroglobulin was measured using radioimmunoassay (Eiken Co., Tokyo, Japan). Sensitivity of the thyroglobulin assay was 5 ng/mL. TPOAb and TgAb were measured using radioimmunoassay (Cosmic Co., Tokyo, Japan). Concentrations of iodine in serum, urine, breast milk, and food were measured using ICP-MS (Seiko Instruments, Tokyo, Japan). No memory effect was observed when the sample was diluted and introduced to ICP with 0.1% ammonia water. The calibration curve was linear from 0.1 to 1000 ppb. Detection limit was calculated to be 25 ppt. Using a standard addition technique, simple and sensitive determination of iodine in serum, urine, breast milk, and foods with a precision of 3%-4% was achieved.
Genetic analysis of thyroperoxidase and TSH receptors
Genomic DNA was isolated from peripheral white blood cells using GenTLE (Takara Bio, Otsu, Japan). Polymerase Concentrations of iodine were represented as mean Ϯ standard deviation (SD).
chain reaction (PCR) primer site for the thyroperoxidase (TPO) and TSH receptor gene and the condition for sequencing have been previously described (15) (16) (17) (18) .
Statistics
Data are given as the mean Ϯ standard deviation (SD). A nonparametric analysis was used as statistics.
Results
Concentration of iodine in foods
As previously determined, foods with kombu in group E and G contain excess amounts of iodine (Table 1) . While bonito and sardine soups contain low levels of iodine (0.9-6.5 g/dL and 1.5-8.2 g/dL, respectively), a few samples contained a trace of kombu. The presence of kombu was not labeled on the foods in group C. The variation as shown in standard deviations in Table 1 is so high that it is difficult to conclude which groups contain the highest or lowest iodine.
Laboratory findings at birth and amounts of iodine intake
Concentrations of serum and urinary iodine under various diagnosis are given in Table 2 . Of the 34 infants who were positive at congenital hypothyroidism screening, 6 were thought to be cases of congenital hypothyroidism, (2 normal site thyroid, 3 abnormal site thyroid, and 1 left lobe defect), 1 was diagnosed with transient hypothyroidism caused by TSH-binding inhibitor immunoglobulin (TBII), 9 were diagnosed with hyperthyrotropinemia of unknown etiology. Three newborns are classified as false-positive at congenital hypothyroidism screening. Fifteen infants with hyperthyrotropinemia caused by an excess of iodine intake by their pregnant mothers had high levels of iodine in the urine compared to controls (Table 2 ; p Ͻ 0.01). These 15 were born at 37-40 weeks' gestation after uncomplicated pregnancies. The parents of these newborns did not have thyroid disease. Thyroid volumes measured using ultrasonography were 1.1 mL to 1.5 mL in 15 infants (normal controls, 0.8-1.0 mL; n ϭ 6). An echo pattern of the thyroid glands was homogeneous. No relationship was observed between thyroid volume and concentrations in TSH or serum iodine in these infants.
We classified these infants into two groups according serum iodine concentrations: group A, more than 17 g/dL [normal controls ϩ 2SD] of serum iodine [n ϭ 5] and group B, less than 17 g/dl of serum iodine [n ϭ 10]). Thyroid function and concentration of iodine in breast milk at diagnosis in group A and B are given in Table 3 . Concentrations of TSH and thyroglobulin in infants of group A and B were higher than those in controls (p Ͻ 0.01), although concentrations of FT 4 did not differ among the three groups. Concentrations of TSH and thyroglobulin in group A were higher than those in group B (p Ͻ 0.01, p Ͻ 0.05). Concentrations of iodine in breast milk in group A were higher than those in group B and controls (p Ͻ 0.01).
Based on the concentrations of iodine in foods consumed daily, we calculated the amount of iodine consumed by 5 women in group A and 10 women in group B during pregnancy. The concentrations of iodine in kombu, hijiki, wakame, fish, and other items were recorded according to Japanese Dietary Reference Intake (13) . The amount of iodine ingested by 5 mothers in group A and 10 mothers in group B were calculated to be 2280-3180 g and 820-1400 g per day during pregnancy (Table 3) .
Iodine-containing drugs or disinfection-related medicines were not used. Concentrations of iodine in serum, urine, and breast milk in 5 infants 15 days old whose mothers ingested excessive iodine during pregnancy were 24.1 Ϯ 8.2, 31.2 Ϯ 10.2, and 29.8 Ϯ 8.1 g/dL, respectively. Concentrations of iodine in these infants did not differ from those in group A. These infants were negative at screening for congenital hypothyroidism, and concentrations of TSH and FT 4 were 3.1 Ϯ 0.8 IU/mL and 19.4 Ϯ 3.1 pmol/mL at 15 days old.
Clinical and laboratory findings after birth
After the diagnosis of hyperthyrotropinemia, with or without hypothyroxinemia, resulting from excess iodine intake during pregnancy, we advised 5 mothers in group A to reduce their consumption of iodine and monitored concentrations of serum and urinary iodine in infants and iodine in breast milk. As shown in Figure 1 , the concentrations of serum and urinary iodine in infants and iodine in breast milk in cases 1 and 2 decreased to normal levels together with a decrease in TSH. Case 1 received LT 4 at the age of 1 year because of a continuation of slightly higher levels of TSH (10-12 IU/mL). Case 2 did not receive LT 4 by age 2 years. Cases 1 and 2 were fed breast milk for approximately 100 days and did not eat baby foods flavored with kombu and kombu products. As shown in Figure 2 , the concentrations of serum and urinary iodine in infants in cases 3, 4, and 5 did not decrease to normal. Mothers of infants did not reduce consumption of instant kombu soups mostly because of the convenience. Cases 3 and 4 received LT 4 because their FT 4 levels were decreased (9.6 and 12.3 pmol/L) at the confirmation test and at age 150 days of life, respectively. Case 5 received LT 4 at 450 days because of an elevated TSH (27.5 IU/mL) were normal FT 4 (15.9 pmol/L). Subjects were fed breast milk for 60 days in case 3 and for 300 days in cases 4 and 5. They ate baby foods flavored with kombu and kombu products for 6 months after birth. Concentrations of iodine in these foods were 60-150 g per 100 g of food. Four infants in group A, except for case 3 (Fig. 2) continuously received 3.1 Ϯ 0.2 g/kg of body weight of LT 4 during the first 2 years of life ( Table 2) .
Eight of 10 hyperthyrotropinemia subjects in group B were started on LT 4 at approximately 120 days of life, because of a continuation of a slightly elevated TSH (8-10 IU/mL). At 1 year, 6 months, LT 4 was stopped to confirm transient hyperthyrotropinemia for 30 days and was restarted because of elevation of TSH levels of 8.6-18.2 IU/mL and normal FT 4 levels of 14.2-18.7 pmol/L. These 8 subjects were fed breast milk for 100-200 days and 4 subjects ate baby foods flavored with kombu and kombu products. All were treated with 1.7 Ϯ 0.3 g/kg of body weight of LT 4 during the first 2 years of life (Table 2) . We detected no other cause of hyperthyrotropinemia among these 15 infants. TPOAb and TgAb were negative. No mutation was found in the TPO gene and TSH receptor gene analysis of 5 patients in group A (18) . The physical and psychomotor development of the infants was normal throughout the follow-up period.
Discussion
In this survey we found that many Japanese foods contain high concentrations of iodine. The ordinary intake of iodine by the Japanese is 500-1500 g per day (19, 20) . These data 
FIG. 1.
Clinical course and concentrations of iodine in subjects 1 and 2. Concentrations of iodine in serum and urine decreased to normal in 2 subjects.
led to the general concept that iodine intake by the Japanese is excessive compared to the recommended daily dietary allowance of 150 g of iodine for adults as given by the U.S. National Research Council (21) . Fifteen infants had hyperthyrotropinemia resulting from an excessive intake of iodine by their mothers during pregnancy, and this occurred in 1 in 2515 live births in this present study. Twelve of 15 patients with excess iodine ingestion received LT 4 because hypothroxinemia or hyperthyrotropinemia was detected. Only 13 cases of borderline congenital hypothyroidism were found during a 10-year period in New York State (3). Their confirmatory basal TSH was under 20 U/mL. In Europe, transient congenital hypothyroidism and hyperthyrotropenia have a prevalence of 1 in 8260 (22) . Calaciura et al. (4) and Daliva et al. (3) suggested that newborns classified as false-positive or borderline at congenital hypothyroidism screening have a high risk of subclinical or persistent hypothyroidism in infancy and early childhood. In that study, 5 of these 48 subjects with subclinical hypothyroidism had a higher than the 20 g/dL of iodine in urine at the confirmation test (4). The high incidence of abnormal thyroid function in our study suggests that excess iodine intake during pregnancy might be the cause of persistent hyperthyrotropenia, in some cases. The mother of subjects 3-5 continued to consume 1000-2000 g of iodine after giving birth. Moreover, these 3-5 subjects consumed iodine from baby food to which iodine had been added. Hence, infants who repeatedly ingest iodine derived from placenta, breast milk, and baby food are at a higher risk for hyperthyrotropenia. Increased urinary iodine concentration as well as elevated serum iodine values found in infants confirmed the hypothesis that alterations in thyroid gland functions resulted from iodine excess. High concentrations of thyroglobulin levels in 15 infants suggested a mild blockade of thyroid hormone.
In adults, acute blockade of iodine uptake, thyroid hormone synthesis, and release occurs when the intrathyroid iodine concentration exceeds a critical level. However, this blockade is limited by an escape phenomenon after 48 hours (23) . This effect is caused by a decreased activity of the sodium iodide symporter, and there is decreased iodine transport into the thyroid. Moreover, neonates are particularly sensitive to iodine excess. Transient hypothyroidism or goiter has been observed in newborn infants after the topical application of povidone-iodine or iodine-containing alcoholic solution (3) . The membranes of infants are highly permeable, iodine trapping processes in the thyroid gland are active and the iodine renal clearance is low. The fetus can absorb iodine from the amniotic fluid through the skin or gastrointestinal tract and iodine can be from the mother via the placenta (24) . Theodoropoulos et al. (25) confirmed that thyroid hormone synthesis in the newborn rat was reduced by virtue of the iodine concentration.
We speculated that 15 infants with hyperthyrotropinemia may have been susceptible to the inhibitory effect of iodine, because 5 other pregnant women, who consumed even 1500-2500 g of iodine per day were delivered of normal infants associated with high concentrations of iodine in serum, urine, and breast milk. FT 4 levels in group A and B were normal, even if the hyperthyrotropinemia remained after withdrawal of LT 4 . Therefore, the persistent hyperthyrotropinemia noted in this study was suggestive of an intrauterine iodine imprinting effect. Thus, it is likely that thyroid homeostasis renders the thyroid of infants with an excess of iodine obtained during the fetal stage susceptible to the inhibitory effects of iodine. In the follow-up of patient with thalassemia major and iron overload for 5 years, 64% of those who developed transient hypothyroidism during iodine administration developed permanent clinical hypothyroidism (26) . We also speculated that excess iodine ingestion during early pregnancy disturbs thyroid function, because case 1 subject have been treated with LT 4 despite reduction in the consumption of iodine of 250 g per day by the mother of case 1 from 24 weeks' gestation. Maturation of the hypothalamic-pituitary-thyroid axis is a complex process starting from midgestation and ending in adult life (27) .
FIG. 2.
Clinical course and concentrations of iodine in subjects 3, 4, and 5. Concentrations of iodine in urine exceeded 20 g/dL at age 450 days in the case 3 subject at 250 days in the case 4 subject. However for case 3, levothyroxine (LT 4 ) was stopped for 500 days but was restarted at 800 days of life because of an extreme elevation of thyrotropin (TSH) (basal value 3.9 IU/mL to peak value 42.9 IU/mL) in the thyrotropin-releasing hormone (TRH) test. Symbols of iodine, serum, urine, breast milk, and TSH are as in Figure 1 .
On the other hand, there were 9 cases of hyperthytropinemia of unknown cause in our study and many cases of persistent hyperthyrotropenia in infants in the United States without iodine excess (28) and in Japan presumably without iodine excess (14) have been reported, and many of these cases have been persistent. The excess iodine intake in our subjects could well be circumstantial. These children should be more carefully studied to define the thyroid function defect after 3 years when T 4 withdrawal does not threaten central nervous system (CNS) function. A sodium iodide symporter defect might also be considered in the normal serum iodine in 10 cases in group B.
In the United States the iodine intake has gradually increased over 30 years with the subsequent widespread use of iodized salt for decreasing the incidence of goiter (29) . The average daily intake in various sections of the United States varies from about 240 to 740 g daily (29) , however, excess iodine intake to the extent that other problems, namely iodine-induced hypothyroidism, autoimmune thyroiditis, and hyperthyroidism, became more of a problem than deficiency disorders (30) . Because iodine intake has decreased in the United States. National Health and Nutrition Examination Survey found that the median urinary iodine concentration decreased from 32 g/dL to 14.5 g/dL over 20 years (31) . It is also possible that instant kombu soups may cause hyperthyrotropinemia or transient hypothyroidism in other countries. However, it is difficult to assess the amount of iodine, because these products do not retain odor or color associated with kombu or other seaweed products.
We have emphasized the importance of obtaining an accurate clinical history of iodine exposure. We have often found that mothers are not fully aware of how many iodine products are consumed during pregnancy and after giving birth. To avoid excess consumption of iodine during pregnancy, pregnant women should be checked for their iodine consumption at their first visit to the hospital. Food was not labeled with concentrations of iodine, which was one reason the mothers could not reduce intake of iodine after delivery. For such purpose it is necessary that foods be labeled with their precise amounts of iodine.
